Taxonomy and molecular epidemiology of Echinococcus granulosus sensu lato  by Romig, T. et al.
T
s
T
U
a
K
E
T
N
M
W
D
(
h
0Veterinary Parasitology 213 (2015) 76–84
Contents lists available at ScienceDirect
Veterinary  Parasitology
journa l h om epa ge: www.elsev ier .com/ locate /vetpar
axonomy  and  molecular  epidemiology  of  Echinococcus  granulosus
ensu  lato
.  Romig ∗,  D.  Ebi, M.  Wassermann
niversität Hohenheim, FG Parasitologie 220 B, 70599 Stuttgart, Germany
 r  t  i  c  l e  i  n  f  o
eywords:
chinococcus granulosus
axonomy
omenclature
olecular epidemiology
a  b  s  t  r  a  c  t
Echinococcus  granulosus,  formerly  regarded  as  a single  species  with  a high  genotypic  and  phenotypic
diversity,  is  now  recognised  as an  assemblage  of  cryptic  species,  which  differ  considerably  in morphol-
ogy,  development,  host  speciﬁcity  (including  infectivity/pathogenicity  for  humans)  and  other  aspects.
This  diversity  is  reﬂected  in  the  mitochondrial  and  nuclear  genomes  and has  led to  the  construction  of
phylogenetic  trees  and hypotheses  on  the  origin  and  geographic  dispersal  of  various  taxa.  Based  on phe-
notypic  characters  and gene  sequences,  E. granulosus  (sensu  lato)  has  by  now  been  subdivided  into  E.
granulosus  sensu  stricto  (including  the  formerly  identiﬁed  genotypic  variants  G1-3),  Echinococcus  felidis
(the  former  ‘lion  strain’),  Echinococcus  equinus  (the  ‘horse  strain’,  genotype  G4),  Echinococcus  ortleppi  (the
‘cattle strain’,  genotype  G5)  and  Echinococcus  canadensis.  The  latter  species,  as  recognised  here,  shows
the highest  diversity  and  is composed  of  the  ‘camel  strain’,  genotype  G6,  the  ‘pig strain’,  genotype  G7,
and  two ‘cervid  strains’,  genotypes  G8 and  G10.  There  is  debate  whether  the  closely  related  G6 and
G7  should  be placed  in  a separate  species,  but  more  morphological  and biological  data  are  needed  to
support  or  reject  this  view.  In this  classiﬁcation,  the  application  of rules  for zoological  nomenclature
led  to the  resurrection  of  old  species  names,  which  had  before  been  synonymised  with  E.  granulosus.
This  nomenclatural  subdivision  of  the agents  of  cystic  echinococcosis  (CE)  may  appear  inconvenient  for
practical applications,  especially  because  molecular  tools  are  needed  for identiﬁcation  of the  cyst  stage,
and  because  retrospective  data  on  ‘E. granulosus’  are  now  difﬁcult  to interpret  without  examination  of
voucher  specimens.  However,  the  increased  awareness  for  the  diversity  of  CE  agents  –  now  emphasised
by  species  names  rather  than  genotype  numbers  – has  led  to a large  number  of recent studies  on this  issue
and  a  rapid  increase  of  knowledge  on  geographical  spread,  host  range  and  impact  on  human  health  of  the
various  species.  E.  granulosus  s.s., often  transmitted  by  sheep,  is  now  clearly  identiﬁed  as  the  principal
CE  agent  affecting  humans.  Contrary  to previous  assumptions,  genotypes  G6/7  of  E.  canadensis  readily
infect  humans,  although  CE  incidences  are  rather  low  where  E.  canadensis  predominates.  Sub-Saharan
Africa  seems  to be the  region  with  the  highest  diversity  of Echinococcus,  and  wild  carnivores  may  play
a  more  important  role  in the  lifecycles  of  various  species  than  previously  assumed.  Still, a number  of
issues  remain  unclear,  e.g. possibly  diverging  parameters  of  diagnostic  tests  among  the species,  different
responses  to vaccines  and,  importantly,  possibly  required  modiﬁcations  of  clinical  management  due  to
differences  in  pathogenicity.
© 2015  Elsevier  B.V.  All  rights  reserved.∗ Corresponding author at: Universität Hohenheim, FG Parasitologie 220 B, Emil-
olff-Str. 34, 70599 Stuttgart, Germany. Fax: +49 711 459 22276.
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M.  Wassermann).
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304-4017/© 2015 Elsevier B.V. All rights reserved.1. A summarised history of Echinococcus nomenclature and
taxonomy
1.1. Early period
Echinococcosis of humans and livestock has been known – and
named in various languages – since antiquity. After the introduc-
tion of modern zoological nomenclature in 1758, intended to bring
order into the inﬁnite number of poorly deﬁned local names for
animals, naming of what we  deﬁne today as Echinococcus spp.
became rather chaotic initially. No less than 85 bi- or trinomial
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Table  1
Synopsis of relevant descriptions of species and subspecies. Agents of cystic echinococcosis (E. granulosus sensu lato) in bold print.
Original name (description) Original description from (stage, host, country) Current name
Hydatigena granulosa Batsch (1796) Metacestode, sheep, Germany Echinococcus granulosus
Taenia  multilocularis Leuckart (1863) Metacestode, human, Germany E. multilocularis
T.  oligarthra Diesing (1863) Adult, puma, Brazil E. oligarthra
Echinococcus cruzi Brumpt and Joyeux (1924) Metacestode, agouti, Brazil E. oligarthra
E.  minimus Cameron (1926) Adult, wolf, Europe E. granulosus
E.  longimanubrius Cameron (1926) Adult, African wild dog, South Africa E. granulosus
E.  cameroniOrtlepp (1934) Adult, red fox, Britain E. granulosus
E.  lycaontis Ortlepp (1934) Adult, African wild doga, South Africa E. granulosus
E.  felidis Ortlepp (1937) Adult, lion, South Africa E. felidis
E.  intermediusLopez-Neyra and Soler Planas (1943) Adult, dog, Spain E. granulosusb
E. ortleppi Lopez-Neyra and Soler Planas (1943) Adult, dog, South Africa E. ortleppi
E.  sibiricensis Rausch and Schiller (1954) Adult, arctic fox, St. Lawrence Isl. E. multilocularis
E.  patagonicus Szidat (1960) Adult, Lycalopex, Argentina E. granulosus
E.  granulosus canadensisWebster and Cameron (1961) Metacestodec, reindeer, Canada E. canadensisb
E. granulosus borealis Sweatman and Williams (1963) Metacestodec, moose, Canada E. canadensisb
E. granulosus equinusWilliams and Sweatman (1963) Adult, dogd, Britain E. equinus
E.  granulosus africanus Verster (1965) Adulte, div. Canidae, South Africa E. granulosus
E.  pampeanus Szidat (1967) Adult, Leopardus colocolo, Argentina E. oligarthra
E.  granulosus dusicyontis Blood and Lelijveld (1969) Adult, Lycalopex, Argentina E. granulosus
E.  cepanzoiSzidat (1971) Adult, Lycalopex, Argentina E. granulosus
E.  vogeli Rausch and Bernstein (1972) Adult, bush dog, Ecuador E. vogeli
E.  shiquicus Xiao et al. (2005) Adult, Tibetan fox, China E. shiquicus
E.  russicensis Tang et al. (2007) Adult, corsac fox, China E. multilocularis
a From cyst of sheep origin.
b Species status under evaluation.
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were synonymised with E. oligarthra and E. granulosus,  respectively
(Schantz et al., 1976), and E. russicensis Tang et al., 2007 is now
thought to be a variant of E. multilocularis (Nakao et al., 2013a).c Supplemented by adult worms from experimental infections.
d From cyst of horse origin.
e From cyst of cattle origin.
atinised names were published until the end of the 19th century,
lmost all of them based on metacestodes of various morpholog-
cal appearance and host origin (Abuladze, 1964). The ﬁrst valid
ame of these was Hydatigena granulosa,  given by Batsch in 1786
nd recognisably based on a fertile Echinococcus cyst of sheep ori-
in from Germany. Shortly after, Rudolphi established the genus
chinococcus in 1801, the name referring to the small, round, ‘spiny’
rotoscolices found in the cysts, and thus created the combina-
ion E. granulosus,  which is still in use today. Not recognising the
ink between metacestodes and adult worms, Rudolphi described
dult Echinococcus from a dog as Taenia cateniformis in 1808. An
dditional description of adult worms was provided by Beneden in
856, as Taenia nana, in ignorance of the fact that three years ear-
ier the relationship between cysts and adult worms in dogs had
lready been proven after independent feeding experiments by von
iebold and Küchenmeister. Eventually, at the end of the 19th cen-
ury, the common name E. granulosus referred to all stages of the
ifecycle, although synonyms like Taenia echinococcus remained in
se for a long time after. Despite the large number of names that
ad been given to cysts due to their morphological appearances,
chinococcosis eventually was commonly assumed to be caused
y a single species. Even the metacestode of alveolar echinococco-
is (described as Echinococcus multilocularis Leuckart, 1863) with
ts extremely divergent morphology and pathology in humans, and
ts peculiar geographical restriction, was viewed by the majority of
uthors (the ‘unicists’) as a modiﬁcation of E. granulosus.  The ‘dual-
sts’ – postulating a different species causing this disease – were in
efensive position until the 1950s, when the lifecycle of E. multiloc-
laris was discovered almost simultaneously on St. Lawrence Island
ff Alaska and in central Europe (lit. in Abuladze, 1964; Tappe et al.,
010).
.2. SpeciesDespite the debate whether echinococcosis might be caused by
ne or by two species, a substantial number of additional Echinococ-
us species had meanwhile been described based on adult wormmorphology, e.g. differences in the number of proglottids, rostellar
hook morphology, number and distribution of testes and position
of the genital pore. In addition to E. granulosus (Batsch, 1786) and E.
multilocularis Leuckart, 1863 – whose descriptions were based on
metacestodes – Echinococcus oligarthra1 was described by Diesing
(as Taenia) as early as 1863 (later, the metacestode was  sepa-
rately described under the synonym E. cruzi Brumpt and Joyeux,
1924). Echinococcus minimus and Echinococcus longimanubrius were
described by Cameron (1926) from a European (Macedonian)
wolf and an African wild dog, respectively (Brumpt and Joyeux,
1924; Cameron, 1926; Diesing, 1863). Ortlepp added Echinococcus
cameroni (for worms from a British fox that Cameron had iden-
tiﬁed earlier as E. granulosus) and Echinococcus lycaontis (from an
African wild dog), followed by Echinococcus felidis from an African
lion (Ortlepp, 1934; Ortlepp, 1937). Echinococcus sibiricensis Rausch
and Schiller, 1954 was shortly after description synomymised E.
multilocularis (Vogel, 1955; Vogel, 1957). This was  followed by
the descriptions of E. intermedius and E. ortleppi (Lopez-Neyra and
Soler Planas, 1943) from domestic dogs in Spain and South Africa,
respectively, and Echinococcus patagonicus (Szidat, 1960), from a
wild South American canid (Lycalopex culpaeus) (Lopez-Neyra and
Soler Planas, 1943; Szidat, 1960). However, in a concise evaluation
of published morphological data, Rausch and Nelson sank most of
these names as synonyms under E. granulosus, mainly on grounds of
uncertainty about the extent of variability of the diagnostic charac-
ters used (Rausch and Nelson, 1963). Only two additional species,
E. multilocularis and E. oligarthra,  were considered valid by these
authors, while E. felidis and E. patagonicus were given uncertain sta-
tus awaiting further data. A further ﬁve species were described later
on, of which E. pampeanus Szidat, 1967 and E. cepanzoi Szidat, 19711 For the spelling of Echinococcus oligarthra (vs. E. oligarthrus) see Hüttner and
Romig, 2009 and Nakaoet al.
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Table 2
Current concept of Echinococcus taxonomy (agents of cystic echinococcosis in bold).
Species Genotypes and strains
Echinococcus granulosus Batsch (1796) G1-3, sheep / buffalo
strains
E.  equinus Williams and Sweatman (1963) G4, horse strain
E.  ortleppi Lopez-Neyra and Soler Planas (1943) G5, cattle strain
E.  canadensis Webster and Cameron (1961) G6-7, camel-pig strain G8,
American‘ cervid strain
G10, Fennoscandian‘ cervid
strain
E.  felidis Ortlepp (1937) lion strain
E. multilocularis Leuckart (1863)
E.  shiquicus Xiao et al. (2005)
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was ﬁnally elevated to species rank (for the horse strain, genotypeE. oligarthra Diesing (1863)
E. vogeli Rausch and Bernstein (1972)
nly E. vogeli Rausch and Bernstein, 1972 and E. shiquicus Xiao
t al., 2005 are now considered to be valid species (Nakao et al.,
013a) (Table 1) ). Their phylogenetic relationships, based on four
itochondrial genes (cox1, nad1, cob, rrn), are illustrated in Fig. 1
.3. Subspecies
In addition to species, various subspecies of E. multilocularis and
. granulosus were described, mostly based on worm morphology. E.
ultilocularis and E. granulosus were subsequently divided into var-
ous subspecies, again largely based on morphological characters
f the worms. This started in 1957, when Vogel sank E. sibiri-
ensis, described only three years earlier by Rausch and Schiller,
s a subspecies under E. multilocularis (a third subspecies E. m.
azakhensis Shul’ts, 1962 was described from metacestodes in
ngulates) (Rausch and Schiller, 1954; Shul’ts, 1962; Vogel, 1957).
. g. canadensis Webster and Cameron (1961) was erected due to
ost preference (reindeer) of the cyst stage. Retaining this, Sweat-
an  and Williams added E. g. borealis (moose – canid cycle) and
. g. equinus (horse – dog cycle) in addition to the nominate E. g.
ranulosus from domestic sheep, cattle and pigs (Sweatman and
illiams, 1963; Williams and Sweatmen, 1963). In her major tax-
nomic revision of 1965, Verster retained the subspecies borealis
nd canadensis, resurrected felidis, lycaontis and ortleppi – now
s subspecies –, described a new subspecies africanus (from cat-
le, sheep and dogs in South Africa), changed the designation of
weatman and Williams’ nominate subspecies to E. g. newzealan-
ensis, and assigned nominate subspecies status to worm material
rom Germany (from where the type species had been described)
Verster, 1965). This amounted to eight subspecies of E. granulosus
the taxa equinus, cameroni, intermedius, longimanubrius, minimus,
atagonicus and oligarthra were not included in the revision).
hortly after, in his largely theoretical treatment of infraspeciﬁc cat-
gories in Echinococcus, Rausch (1967) refuted the subspecies status
or sympatrical forms of E. granulosus,  and attributed the mor-
hological differences found by previous authors to host-induced
odiﬁcations (Rausch, 1967). A possible exception to this was  seen
n the distinction between a ‘northern form’ (or E. g. canaden-
is), transmitted in wildlife cycles in North America and northern
urasia, and a domestic form (E. g. granulosus), which had been
lobally distributed through human activities. Yet, shortly after
his consolidation, three additional species were described from
outh America: E. pampeanus Szidat (1967) from a wild cat species,
. cepanzoi Szidat (1971) (as a new name for the subspecies E. g.
usicyontis Blood and Lelijveld, 1969) from a wild South Ameri-
an canid (Lycalopex sp.), and ﬁnally E. vogeli Rausch and Bernstein
1972); from the bush dog (Speothos venaticus) (Blood and Lelijveld,
969; Rausch and Bernstein, 1972; Szidat, 1967; Szidat, 1971). Of
hese, only E. vogeli survived the test of time, while the ﬁrst twoitology 213 (2015) 76–84
were subsequently synonymised with E. oligarthra and E. granulo-
sus, respectively (Schantz et al., 1976).
1.4. Strains and genotypes
At the beginning of the 1980s, there were ﬁnally four undis-
puted species (E. granulosus, E. multilocularis, E. oligarthra and E.
vogeli) (Kumaratilake and Thompson, 1982). It was  clear, however,
that E. granulosus contained a substantial number of variants with
differences concerning morphology, host speciﬁcity, biochemical
parameters, developmental biology and geographical distribution.
Although the application of the biological species concept by
Rausch (1967), which had led to the abolishment of all sym-
patric subspecies, had received criticism (Beveridge, 1974), no
attempt was made to resurrect subspecies names for these vari-
ants. Instead, an informal system of intraspeciﬁc ‘strains’ was
gradually established. This term was used to describe variants
that differed from each other in characters of epidemiological sig-
niﬁcance (Thompson and McManus, 2001). Fully developed, the
system comprised eleven strains, namely sheep, Tasmanian sheep,
buffalo, horse, cattle, camel, pig, variant pig (or human-pig), Amer-
ican cervid, Fennoscandian cervid and lion strain. Originally, the
strain system was based on non-genetic characters like host spec-
trum, geography, morphology and aspects of development. From
the early 1990s, gene sequence data became increasingly impor-
tant to deﬁne and identify the strains. Important contributions
to the consolidation of these infraspeciﬁc categories were the
publications of partial sequences of the mitochondrial cox1 and
nad1 genes for seven strains of E. granulosus,  plus E. multilocu-
laris, E. vogeli and E. oligarthra (Bowles et al., 1992; Bowles and
McManus, 1993a). Sequence data corresponded well to other char-
acters deﬁning the strains, and led to a genotype ‘nomenclature’
(G1 to G7), partly replacing the previous strain names. Although
only a limited number of isolates from biologically or epidemio-
logically characterised strains were genotyped, the terms ‘strain’
and ‘genotype’ were increasingly treated as synonyms. In addi-
tion to the seven genotypes/strains that were initially characterised
(G1/sheep strain; G2/Tasmanian sheep strain; G3/buffalo strain;
G4/horse strain; G5/cattle strain; G6/camel strain; G7/pig strain),
over time three additional taxa were added: the American cervid
strain (G8) (Bowles et al., 1994), a variant pig (or human-pig) strain
(G9) (Scott et al., 1997), and ﬁnally the Fennoscandian cervid strain
(G10) (Lavikainen et al., 2003). Lack of material for sequencing kept
the lion strain from being included in the ‘G-system’.
1.5. Species, once more
After two decades of accumulating epidemiological, biochem-
ical and geographic data on the E. granulosus strains, and
the phylogenetic evaluation of increasingly long mitochondrial
and nuclear gene sequences (including complete mitochondrial
genomes), limitations and contradictions of the strain/genotype
system within E. granulosus became apparent and called for a tax-
onomic revision of the genus. Major points were (1) the apparent
paraphyly of E. granulosus (sensu lato) with respect to E. multiloc-
ularis and its sister taxon E. shiquicus (which had in the meantime
been described from the Tibetan plateau; Xiao et al., 2005, 2006),
and (2) the fact that genetic distances between some genotypes
(G1-3, G6-7) were in the range of microvariants of the same taxon,
whereas others (G4, G5) were only distantly related. After a ﬁrst
proposition to subdivide E. granulosus into four species (Thompson
et al., 1995), E. granulosus equinus Williams and Sweatman, 1963G4), and E. ortleppi Lopez-Neyra and Soler Planas, 1943 was  rein-
stated (for the cattle strain, genotype G5; Thompson and McManus,
2002). This left the name E. granulosus (Batsch, 1786) for the
T. Romig et al. / Veterinary Parasitology 213 (2015) 76–84 79
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Fig. 2. E. granulosus sensu stricto: haplotype network of the complete mitochon-
drial cox1 gene (1608 bp). The network consists of 137 haplotypes based on 304
analysed isolates from Europe (16), western Asia (140), southern/eastern Asia (40),
Africa (78) and South America (30) (authors, unpublished data and Genbank entries).
The  network includes haplotypes published by Konyaev et al. (2013) and Yanagida
et  al. (2012). For comparison, one isolate of E. felidis is included (Genbank accession
no.  AB732958). The network was constructed using TCS 1.21 (Clement et al., 2000),
with ﬁxed connection limit at 130 steps.
Circle sizes are not proportional to the haplotype frequencies. Large central cir-
cle: represents the most common, globally distributed haplotype (e.g. accession no.
JQ250806). Medium circles: identiﬁed haplotypes. Small circles: hypothetical inter-
mediate haplotypes (not identiﬁed in this panel). Rectangle: represents 28 different
haplotypes with one basepair difference to the central haplotype. Black circles: hap-
lotypes that contain the G1 sequence of Bowles et al. (1992) (21 of 28 haplotypes
of the rectangle belong to this type). Dark grey circle: haplotypes that contain the
G2  sequence of Bowles et al. (1992). Light grey circles: haplotypes that contain theig. 1. Cladogram of Echinococcus spp. obtained through Maximum Likelihood anal-
ses of 5170 nucleotides of the mitochondrial cox1, nad1, rrn and cob gene. Modiﬁed
rom Hüttner et al. (2008).
enotypes G1 to G3 (sheep, Tasmanian sheep and buffalo strains),
hile the allocation of the camel, pig, cervid and lion strains was
eft unresolved until, ﬁve years later and based on the compari-
on of complete mitochondrial genomes, E. granulosus canadensis
ebster and Cameron, 1961 was given species status, now includ-
ng several closely related genotypes (G6 to G10) (Nakao et al.,
007). Finally, E. felidis Ortlepp, 1937; could be resurrected from
ynonymy based on mitochondrial sequences obtained from pre-
erved adult worm material that had been determined by Verster in
outh Africa (Hüttner et al., 2008). In the current state of this (ongo-
ng) taxonomic reshufﬂe, E. granulosus in its previous sense (or
ensu lato) is split into ﬁve species (granulosus s.s., felidis, equinus,
rtleppi, canadensis), in addition to the agents of alveolar and poly-
ystic echinococcosis (E. multilocularis, shiquicus, oligarthra, vogeli)
Table 2.
. Species accounts and molecular epidemiology
.1. Echinococcus granulosus (sensu stricto)
The type specimen of E. granulosus originated from a sheep, and
t is likely that it belonged to what was later known as the ‘sheep
train’ (this is less clear for Verster’s subspecies E. g. granulosus,  as
he worms used for the description originated from a pig cyst). In
he current concept, this name is reserved for the ‘sheep strain’,
Tasmanian sheep strain’ and ‘buffalo strain’ (which correspond to
he genotypes G1, G2 and G3, respectively), as well as a large num-
er of other closely related variants. It was already apparent from
he analysis of relatively short gene sequences (Bowles et al., 1992;
owles et al., 1992a), that G1-3 were much more closely related
o each other than to any other known genotype. This was con-
rmed by more recent studies using longer sequences and/or other
enes, which also identiﬁed a large number of additional haplo-
ypes belonging to this cluster (Busi et al., 2007; Casulli et al., 2012;
akao et al., 2013a; Snabel et al., 2009; Vural et al., 2008; Yanagida
t al., 2012). In view of this, and regarding the fact that, strictly
peaking, the ‘G-nomenclature’ is deﬁned by the short cox1 andG3  sequence of Bowles et al. (1992). White circles: not described in the G-system of
genotypes.
nad1 sequences published in the 1990s, the use of the G num-
bers has become increasingly misleading (see also discussion on
this by Nakao et al., 2013a). A substantial number of different gene
sequences have in the past been allocated to ‘G1′ or ‘G3′ without
a clear deﬁnition. The problem of allocating haplotypes based on
longer (or other) genome fragments is illustrated in Fig. 2. Using the
complete sequence of the mitochondrial cox1 gene, 137 haplotypes
where identiﬁed among 304 isolates of the G1-3 cluster from west-
ern, eastern and southern Asia, Europe, Africa and South America.
Using the original G-deﬁnition of cox1 (366 bp sequences), a large
proportion of the haplotypes are not homologous with either G1, 2
or 3, although they clearly belong to the same cluster. Any haplo-
type in this cluster is removed from any other by no more than 20 bp
steps, while the cluster as a whole has a distance of >100 bp from
the sister species E. felidis.  The use of E. granulosus (s.s.) as a name
for this cluster would therefore appear to be the most reasonable
approach. If subdivisions of this taxon should become necessary,
they will have to be based on convincing additional information
concerning biological characteristics (host afﬁnities, morphology)
and nuclear sequence data.
Globally, the principal intermediate hosts for this taxon are
sheep, although fertile infections have been recorded from a wide
range of livestock and herbivorous wildlife species worldwide,
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ncluding equids (Cardona and Carmena, 2013; Thompson and
cManus, 2001). Cattle are frequently infected with this taxon
n many parts of the world, but they seem to contribute little
o the transmission as the majority of cysts do not reach fertil-
ty (McManus and Thompson, 2003). E. granulosus s.s. is the most
requent agent of human cystic echinococcosis worldwide: 88% of
661 genotyped human isolates belonged to this species (Alvarez
ojas et al., 2014). Exceptions are only countries where E. granulo-
us s.s. is absent or rare in animals in favour of other Echinococcus
pp., as is the case in Sudan and Egypt (Khalifa et al., 2014; Omer
t al., 2011). Cysts are often fertile in humans, and numerous obser-
ations indicate that the high number of cases may  be due to
ncreased infectivity (or pathogenicity) of E. granulosus s.s. com-
ared to other Echinococcus species. Although the typical lifecycle
atterns involve livestock and domestic dogs, E. granulosus s.s. is
lso known from wild carnivores in eastern Europe and (probably)
ran (Beiromvand et al., 2011; Breyer et al., 2004) and from wild
heep in Turkey (Simsek and Eroksuz, 2009), possibly as a spill-
ver from domestic transmission. Whether the latter also holds true
or recent records in lions, spotted hyenas and wildebeests in con-
ervation areas of Kenya, remains to be conﬁrmed (Kagendo et al.,
014). In any case, there is now a surprising number of records from
ild carnivores of eastern Africa. These may  not only contribute to
he lifecycle in the livestock-wildlife interface near conservation
reas, but also as scavengers of livestock carcasses in areas that
re now depleted of large wild herbivores, e.g. golden and black-
acked jackals in northwestern Kenya (Macpherson and Wachira,
997). Regional differences in haplotype diversity led to a hypoth-
sis on the origin of E. granulosus s.s. in a wildlife cycle in western
sia and its subsequent spread to other regions in the wake of live-
tock domestication. Compared with a centre of high diversity in
estern Asia and the Middle East, the complexity of haplotype net-
orks decreases toward Europe and eastern Asia and appears to be
articularly low in South America (Casulli et al., 2012; Yanagida
t al., 2012).
.2. Echinococcus felidis
The species was originally described from lions of the Transvaal
egion of South Africa. Even after the synonymisations by Rausch
nd Nelson (1963) and Rausch (1967), it was tentatively retained
s a separate taxon (as subspecies E. g. felidis or, later, as the ‘lion
train’). This was mainly based on the suitability of a member of
he cat family as host for the adult stage, which was thought at the
ime to be an unusual feature for E. granulosus.  Recent molecular
haracterisation of material from Ugandan lions and preserved ‘his-
orical’ worm specimens from South Africa showed, that this taxon
elongs to the same clade as E. granulosus s.s., but is sufﬁciently
istinct to deserve species status (Fig. 1) (Hüttner et al., 2008). As
hown in the haplotype network of the mitochondrial cox1 gene,
t is removed from the E. granulosus s.s. cluster by more than 100
ypothetical base pair exchanges (Fig. 2).
By now, molecularly conﬁrmed isolates of E. felidis are known
rom lions and spotted hyenas in Uganda, Kenya and South Africa;
he only conﬁrmed intermediate host record is from a Ugandan
arthog (Hüttner et al., 2008; Hüttner and Romig, 2009; Hüttner
t al., 2009). Other than this, the host range (including human
athogenicity) is unknown; it had not been found in 353 wilde-
eest (Connochaetes mearnsi) in the Masai Mara conservation area
f Kenya, although it is widespread there in carnivores. Likewise, it
as not present among 279 genotyped Echinococcus cysts recov-
red from livestock from the vicinity of Kenyan national parks
Addy et al., 2012). While E. felidis has not yet been found in any
anid, the susceptibility of lions as deﬁnitive hosts is not a distin-
uishing feature for this taxon. In recent studies, E. granulosus s.s.
nd E. equinus were shown to be regular parasites in wild lion popu-itology 213 (2015) 76–84
lations of eastern and southern Africa, respectively (Kagendo et al.,
2014; Wassermann et al., 2015).
2.3. Echinococcus equinus
Williams and Sweatman (1963) characterised E. granulosus
worms derived from horse cysts in Britain and suggested they rep-
resent a distinct subspecies, E. granulosus equinus. Subsequently,
other studies conﬁrmed biological differences between horse-
derived E. granulosus and isolates originating from other host
species (Kumaratilake et al., 1986; Smyth, 1977). Based on partial
sequence of the cox1 gene, the G4 genotype was  characterised from
two cyst isolates from horses (UK and Spain) and one from a don-
key (Ireland) (Bowles et al., 1992). Species rank was suggested by
Thompson and McManus (2002), and today it is ﬁrmly established
as an independent species, E. equinus. It seems to be a highly speciﬁc
parasite of Equidae (horses, donkeys and zebras) as intermediate
hosts, although it was recently recorded from a captive lemur in
the UK (Boufana et al., 2012).
As cysts in horses – which have been recorded from all over the
world – may  also belong to other Echinococcus spp. (Boufana et al.,
2014; Varcasia et al., 2008), molecular conﬁrmation is necessary.
Thus, E. equinus has only been conﬁrmed for the United Kingdom,
Ireland, Germany, Italy, Spain, Tunisia and Egypt (Aboelhadid et al.,
2013; Blutke et al., 2010; Mwambete et al., 2004; Smyth, 1977).
However, its occurrence in other regions is highly likely, e.g. eastern
Europe and South Africa, where undetermined Echinococcus cysts
are known from horses, donkeys and zebras. Recently a wildlife
cycle of E. equinus was discovered in the Etosha National Park of
Namibia between lions and black-backed jackals as deﬁnitive hosts,
and plains zebras as intermediate hosts (Wassermann et al., 2015);
morphological observations and transmission studies suggest that
this cycle may  be widespread in southern Africa (Macpherson and
Wachira, 1997).
2.4. Echinococcus ortleppi
The original description is based on adult worms from dogs of
the Transvaal region of South Africa, which had been initially identi-
ﬁed as E. granulosus (Ortlepp, 1934). Only later were they described
as a new species for morphological differences (Lopez-Neyra and
Soler Planas, 1943). Worms  from dogs and jackals, that had been
experimentally infected with cysts originating from cattle of the
Transvaal, were later allocated to the same taxon, now named E.
granulosus ortleppi (Verster, 1965). Later known as the cattle strain
of E. granulosus,  it was  shown that it differed from other taxa in
a number of characters, e.g. by cysts typically reaching fertility in
cattle, morphological details of the adult worms, and a particularly
short development time in dogs (Thompson et al., 1984). Apart from
South Africa, where it was believed to be frequent in the cattle-
raising region of Transvaal (Verster, 1965), it was later reported
from Switzerland and Germany (Thompson et al., 1984; Worbes
et al., 1989). Bowles et al. (1992) characterised the partial cox1
sequence from a bovine from the Netherlands, and designated it as
the G5 genotype. Under the resurrected name E. ortleppi (Thompson
and McManus, 2002), it is now considered as a separate species,
belonging to the same clade as E. canadensis (Fig. 1) (Nakao et al.,
2013b).
E. ortleppi seems to be well adapted to cattle as intermediate
hosts, although it can also reach fertility in other species. Fertile
cysts in cattle from central European countries were common as
recently as the 1980s (Hahn et al., 1986), but the parasite is now
either extinct there or occurs only sporadically (Romig et al., 2006).
Elsewhere, it seems to be widespread, but usually rare (Cardona and
Carmena, 2013). A small number of infections have been molec-
ularly identiﬁed from cattle in Sudan (Dinkel et al., 2004; Omer
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t al., 2010), Kenya (Mbaya et al., 2014), South Africa (Mogoye et al.,
013), Brazil (de la Rue et al., 2006), Italy (Busi et al., 2007) and most
ecently in France (Grenouillet et al., 2014), cattle and buffaloes in
ndia (Zhang et al., 1999), goats and sheep in Kenya (Mbaya et al.,
014), and pigs in Kenya and India (Dinkel et al., 2004; Pednekar
t al., 2009). A case of monkey infection with E. ortleppi has been
eported from Vietnam (Plesker et al., 2009), and a captive deer
mported from France into the UK was found infected (Boufana
t al., 2012). Only seven human cases of E. ortleppi infection are
nown from various parts of the world (Argentina, Brazil, India,
exico, Netherlands and South Africa) (Alvarez Rojas et al., 2014).
iven the ubiquitous presence of cattle and dogs as suitable hosts,
he rarity of this parasite is perplexing. It may  be explained by the
act, that, even in traditional pastoral societies, cattle are mostly
old alive and slaughtered in distant locations, so transmission to
he local dog population is inhibited (Addy et al., 2012).
.5. Echinococcus canadensis
As deﬁned here, the species includes the pig, camel and cervid
trains. Adult worms derived from cysts of camel and pig origin
ere shown to differ in various morphological characters from
hose of other strains, and show similarity to each other (Eckert
t al., 1989; Eckert et al., 1993; Lymbery et al., 2015). This sup-
orted propositions of a speciﬁc camel strain (for the Middle East
nd eastern Africa), and of a pig strain (for Eastern Europe and
exico). In addition, based on epidemiological and phenotypic
eatures, the ‘northern biotype’ of E. granulosus,  transmitted in
 reindeer/moose—wolf/dog cycle, was tentatively allocated to a
ervid strain (Thompson et al., 1995). The evidence for uniting pig,
amel and cervid strains in a single species derived from molec-
lar sequence data. Cysts from African camels and goats, Polish
igs and North American moose were molecularly characterised
s genotypes G6, G7 and G8 (Bowles et al., 1992, 1994; Bowles
nd McManus, 1993b) which was later followed by genotype G9
rom a human patient of Poland (Scott et al., 1997), and G10 for
he ‘Fennoscandian’ cervid strain (Lavikainen et al., 2003). While
9, which had been based on ITS1-RFLP patterns, is now thought
o represent a microvariant of G7, the other four genotypes were
hown in various phylogenetic studies to form a closely related
lade, with E. ortleppi as a sister taxon (Fig. 1) (Bowles et al., 1995;
avikainen et al., 2006, 2003; Lymbery et al., 2015). Following a
omparison of complete mitochondrial genomes, the uniﬁcation of
hese strains as E. canadensis was proposed (Nakao et al., 2007). The
ame derived from the subspecies E. granulosus canadensis Webster
nd Cameron, 1961 described from reindeer and dogs in Canada.
he name had been tentatively retained by Rausch (1967) as an
lternative name for the ‘northern biotype’ of E. granulosus, while
he only other scientiﬁc name that can be clearly linked to any of
hese strains, E. g. borealis Sweatman and Williams, 1963 was  con-
idered a junior synonym. Differences in host range and geography
etween the sylvatic (or semi-domestic) cervid strains (G8/G10)
nd the domestic camel and pig strains (G6/G7) had led to the pro-
osal to regard the latter as a separate species, and the name E.
ntermedius has been suggested (Sharma et al., 2013; Thompson,
008). However, the morphological data (and the illustrations)
rom the original description of E. intermedius (based on two worms
f a Spanish dog — Lopez-Neyra and Soler Planas, 1943) do not
ully agree with descriptions of worms belonging to the camel and
ig strains (Eckert et al., 1989; Eckert et al., 1993). The ecological
nd geographic distinction between the ‘domestic’ G6/7 and the
sylvatic’ G8 and G10 has become blurred since G6 was recently
ound in wolves and reindeer in the Altai region and Yakutia, Rus-
ia (Konyaev et al., 2013). In addition, considering the existing data
n mitochondrial sequences, G10 is much more closely related to
6/7 than to G8, which makes a split into E. intermedius (G6, G7)itology 213 (2015) 76–84 81
vs. E. canadensis (G8, G10) taxonomically impossible, unless con-
tradicting results will become available from relevant parts of the
nuclear genome (Lavikainen et al., 2006; Moks et al., 2008; Nakao
et al., 2013b). Most recently, a valid case was made to resolve this
cluster into three species: E. intermedius (G6/7), E. borealis (G8)
and E. canadensis (G 10) (Lymbery et al., 2015). This split is con-
sistent with the mitochondrial phylogeny, and may  in future lead
to a more stable nomenclature. Yet, from a more conservative point
of view, there is still a number of open issues. They mainly concern
the maintenance of the proposed species’ genetic identity in sym-
patric situations, which is crucial when independent evolutionary
fates of the three lineages are proposed. To conﬁrm this, the exist-
ing (mainly mitochondrial) data appear inadequate, and more data
on nuclear gene loci will be needed from a signiﬁcant number of
geographically spaced isolates, in addition to more comprehensive
information on biological and morphological features (Nakao et al.,
2013a; Nakao et al., 2013b). Molecular distinction between G6 and
G7 rests on minor differences. The pairwise divergence value of two
mitochondrial genes (>2600 bp) was much lower between G6  and
G7 isolates than between geographical variants of E. multilocularis,
which makes it doubtful to address these two strains as sepa-
rate entities. As some isolates cannot be clearly allocated to either
of them, members of this cluster have been referred to as G6/7
(Mogoye et al., 2013; Nakao et al., 2013a; Nakao et al., 2013b). Still,
biologically relevant variants may  exist within the G6/7 cluster: in
the Neuquén province of Argentina goats were found infected with
G6, while pigs were infected with G7 (Soriano et al., 2010). This may
or may  not be signiﬁcant (e.g., G7 is common in goats in Greece —
Varcasia et al., 2007), but in any case there is a need to investigate
the intraspeciﬁc genetic diversity of E. canadensis (including nuclear
genes) and link it to epidemiologically relevant data. In the mean-
time, not to lose valuable information, it is important to maintain
the provisional subdivision of E. canadensis into the four genotypes
when conducting molecular surveys or isolate identiﬁcation (Nakao
et al., 2013a).
It had been suggested that the genotypes of E. canadensis are
of minor relevance for human health, because case numbers are
usually low in regions where these taxa predominate (e.g. Eastern
Europe, Sudan/Egypt, northern parts of Eurasia and North Amer-
ica) and some case reports indicated a benign course of disease
(Wilson et al., 1968). Also, in areas of East Africa, where both E.
canadensis (G6) and E. granulosus s.s. are frequent in animals, only
a small proportion of patients were found infected with the former
species (Romig et al., 2011); a similar situation seems to prevail
in North Africa and the Middle East (Alvarez Rojas et al., 2014).
Yet, the contribution to global disease load is not negligible, as in
a worldwide conspectus of 1661 human cases, 184 (11.07%) were
caused by G6 or G7 (only two  cases by G8 or G10). In some coun-
tries E. canadensis is even the predominant cause of human cystic
echinococcosis, like Sudan, Egypt, Poland and Austria (Aaty et al.,
2012; Omer et al., 2010; Pawlowski and Stefaniak, 2003; Schneider
et al., 2008, 2010); it is important to note, however, that in these
countries E. granulosus s.s. is absent or rare also in animals. Human
cystic echinococcosis in North America of undetermined origin (G8
or G10?) was  characterised by a benign course of disease (Wilson
et al., 1968) and cysts of E. canadensis G7 were found to be smaller
and more frequently asymptomatic compared to those caused by E.
granulosus s.s. (Schneider et al., 2010). However, aggressive disease
was reported from a case with conﬁrmed G8 infection (McManus
et al., 2002), and recently an afﬁnity of E. canadensis G6 for the
brain was suggested (Sadjjadi et al., 2013). Geographically, the G6/7
cluster is spread worldwide with the exception of Australia, east-
ern Asia and North America; the numerous records of molecularly
characterised isolates in livestock have been recently reviewed
(Cardona and Carmena, 2013). In general, pigs (including wild boar)
and camelids are suitable hosts and frequently contain fertile cysts.
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n the absence of pigs and camels, goats may  also perpetuate the
ifecycle, while sheep and cattle are rarely infected and cysts are
ften sterile. Cases of wildlife involvement are known from Europe
wolf, wild boar) and Siberia (wolf, reindeer) (Daniel Mwambete
t al., 2004; Dinkel et al., 2004; Guerra et al., 2013; Konyaev et al.,
013; Umhang et al., 2014). Both ‘cervid strains’ (G8 and G10)
re sympatrically distributed in the temperate to arctic regions of
he northern hemisphere. Reports on possible differences in host
pectrum or other biologically relevant features between these
enotypes are inconclusive due to paucity of data. Both G8 and G10
ave been reported from wolf—moose lifecycles, with wapiti as an
dditional host for G8 in North America. G10 has also been found in
semi-) domesticated reindeer, and this strain is possibly respon-
ible for the frequent cases in reindeer and humans, which had
ormerly been reported from northern Fennoscandia (Lavikainen
t al., 2006; Moks et al., 2008; Schurer et al., 2013; Thompson et al.,
006; Oksanen and Lavikainen, 2015).
. Conclusion
The current taxonomic concept for Echinococcus results from
ritical evaluation of the biological and molecular data, which are
vailable at this time. It provides an appropriate basis for further
esearch by recognising distantly related taxa (cryptic species) of
he E. granulosus (sensu lato) assemblage as individual species and
y uniting closely related strains and genotypes under common
pecies names. However, a number of taxonomic issues are still
nresolved and require additional data. This concerns the corre-
ation of molecular markers with morphological features (e.g. as
 possible alternative identiﬁcation method). A large body of –
ostly older – literature data on morphological features of adult
orms is available, but none of the descriptions (with the excep-
ion of E. felidis) can be conclusively correlated to genetic markers
hich are now used for species identiﬁcation. This is mainly due
o the lack of type material, storage of original material in formalin
ith subsequent DNA degradation and prohibitive efforts, which
re now required to conduct transmission experiments. Still, cor-
elative data between morphology and gene sequences are a matter
f taxonomic priority and would make a large number of histori-
al data accessible for epidemiological reappraisal. In addition, the
xtent and phylogenetic relevance of interbreeding among species
s unclear, because most recent studies focused on mitochondrial
equences, which are not subject to recombination. Differences
etween the phylogenies of nuclear and mitochondrial genomes
e.g. by the replacement of nuclear genes due to male introgres-
ion) could explain biological differences between isolates of the
ame or closely related mitochondrial genotypes. In addition, the
xtent of intraspeciﬁc diversity is insufﬁciently known, particularly
ithin E. canadensis.  Despite this, the increased awareness for the
iversity of the agents of cystic echinococcosis – now emphasised
y species names rather that genotype numbers – has already led
o an impressive number of recent studies on geographical spread,
ost range and impact on human health of the various species. It is
lready apparent, that they are distinct from each other to an extent
hat is not only biologically interesting, but also highly relevant for
edical and veterinary practitioners. This includes differences in
ost speciﬁcity, but also possibly diverging parameters of diagnos-
ic tests, different responses to vaccines and, importantly, possibly
equired modiﬁcations of clinical management due to differences
n pathogenicity or response to drugs. Unfortunately, even though
his variability has been recognised for a long time, a large number
f epidemiological and clinical data (in particular from the largest
art of the 20th century) have been published summarily under the
ame ‘E. granulosus’. Unless voucher specimens have been kept,
 large part of this information can now not be interpreted withitology 213 (2015) 76–84
certainty and is lost for retrospective analysis. In this light it is
important to remind veterinarians, members of the medical pro-
fessions and biologists to apply appropriate and speciﬁc diagnostic
procedures when conducting studies on cystic echinococcosis, so
that the causative organisms are clearly deﬁned and the data can
contribute to gradually close our gaps of knowledge.
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